Introduction
The global mercury (Hg) pool includes inputs from both natural processes and anthropogenic activities. Industrial emissions, mainly from coal combustion, waste incineration, and industrial processes are the primary sources of Hg to the atmosphere (Driscoll et al. 2007a ). Important natural Hg sources include volcanic activity, soil mineral weathering and forest fires (Rasmussen 1994 (Amyot et al. 1994; Ericksen and Gustin 2004; Ericksen et al. 2006 ).
For soils, Hg volatilization has been shown to vary spatially, as a function of surface characteristics such as Hg concentration, moisture content, and grain size distribution; and temporally as a function of changing meteorological conditions such as solar radiation, temperature, and soil moisture (Selvendiran et al. 2009; Choi and Holsen 2009a; Ericksen et al. 2006; Eckley et al. 2011) . In lakes, photo-reduction of Hg 2+ appears to be the primary process driving the production of dissolved gaseous mercury (DGM) and its subsequent loss to the atmosphere (e.g., O 'Driscoll et al. 2003a; Amyot et al. 1994; Lindberg et al. 2000) . Several proposed mechanisms include direct photolysis of Hg 2+ to Hg o (Amyot et al. 1994; Munthe and McElroy 1992) including photosensitizing of Fe 3+ complexes (Ababneh et al. 2006; , sulfite complexes Van Loon et al. 2000) , DOC and humic substances (Nriagu 1994; Xiao et al. 1991; Xiao et al. 1995) (Dommergue et al. 2003; Schroeder et al. 1992 ).
Photodecomposition of MeHg directly to Hg o has also been suggested (Tossell 1998; Bloom et al. 2001) . Because photo-reduction of Hg is an important driving mechanism, studies are characterized by marked diel changes in evasion rates.
Published measurements of Hg o volatilization rates include both aquatic and land surfaces. The rates of Hg volatilization reported in the literature range from < 5 ng/m 2 -hr from pristine lakes and forest soils to >10 000 ng/m 2 -hr from contaminated soils (Amyot et al. 2004; Gustin et al. 2003) . Gaseous Hg o has an atmospheric residence time of around 1 year (Fitzgerald and Mason 1997; Smith-Downey et al. 2010 Quémerais et al. (1999) estimated that the fluvial loss of total
Hg from Lake Ontario to its only outlet, the St. Lawrence River, is approximately 5.9 µg/m 2 -yr.
The volatilization rate of Hg o from Lake Ontario was estimated by Lai et al. (2007) (Schroeder et al. 2005; Selvendiran et al. 2008) , others have noted elevated Hg o evasion rates immediately following precipitation events (Eckley et al. 2011; Engle et al. 2001; Lindberg et al. 1999) . Marked spatial variability has also been documented in the literature.
Eckley and Branfireun (2008) identified that flux increases with temperature and solar radiation and as a result, fluxes are higher during the daytime than at night and generally higher in the summer than in winter (Choi and Holsen, 2009a; Gabriel et al. 2006; Eckley et al. 2011) ; however some studies have also identified that lower solar radiation under deciduous canopies and lower soil moisture content results in lower summertime fluxes (Hartman et al. 2009; Kuiken et al. 2008) . Because several studies have shown diel Hg o fluxes to generally follow a curve similar to solar elevation, measurements conducted only during daylight hours will greatly overestimate mean daily emissions (Engle et al. 2001; Gabriel et al. 2006; Gustin et al. 2003 (Gustin et al. 1999; Eckley et al. 2010; Rolfhus and Fitzgerald, 2001 DFC measurements were available they were selected; however for some surfaces purge/trap data was only available and was applied for scaling.
Note that in many of the studies reviewed it was assumed that soil Hg o evasion during periods of snow cover is minimal. While this may be true for the soil itself, studies have reported substantial rates of Hg o evasion from snowpack (e.g., Ferrari et al. 2005 , Lalonde et al. 2002 . A considerable portion of the GLB is snow-covered during the winter season. We found few studies estimated Hg o evasion from snowpack in the GLB (Schroeder et al. 2005) , and many of the emission studies reviewed had no or limited measurements during winter. Additional studies are necessary to quantify Hg o emission from the snow cover period in the GLB.
Forests
DFC fluxes from a deciduous forest in the Adirondack region of New York were selected for scaling forest lands that incorporated diel measurements conducted during each season (Choi and Holsen, 2009a Table 1 ). The seasonal flux data were then scaled annually to account for seasonal changes in canopy coverage in the summer and snow coverage in the winter- 
Agricultural Lands
Agricultural lands include areas used for crop production. Grasslands, including areas used for livestock pasture, are discussed in the Grasslands section. Using the DFC method, Carpi and Lindberg (1998) Carpi and Lindberg (1998) are considered more representative of the GLB because the Hg concentration of the soil (61±19 ng/g) was similar to values measured from crop and pastureland within the GLB (see Table 1 ). Because these measurements were conducted during the spring/summer daytime conditions, they needed to be adjusted to account for diel and seasonal flux variability. Flux measurements obtained during only specific periods of the day can be extrapolated to diel averaged fluxes assuming a Gaussian distribution (Nacht and Gustin, 2004; Engle et al. 2001) . following surface disturbance, however these elevated emissions are temporary and fluxes return to pre-disturbance levels within a week after soil disturbance (Gustin et al. 2003; Eckley et al. 2011) . While the results of Carpi and Lindberg (1998) indicate that Hg o fluxes from agricultural lands can be elevated during periods of active plowing/harvesting, it is not clear from their study how long the emissions remained elevated. In the annual average flux applied for scaling, the fluxes from the disturbed surfaces from Carpi and Lindberg (1998) were applied over a 6 month period, which may be an overestimation of the emissions during this period depending on how often the fields are disturbed from farming activities and how long the Our analysis (see below) suggests that agricultural lands account for more than 50% of total Hg evasion from the GLB. It is not clear from these studies when and for how long Hg o evasion rates are elevated from agricultural lands. Elevated Hg o evasion rates also may reflect high rates of carbon mineralization and Hg 2+ cycling associated with land disturbance or materials added to agricultural lands. Based on our literature review and the elevated rates associated with this review, there is a clear need for more rigorous evasion studies on agricultural lands, quantifying rates and climatic and landscape level drivers that control evasion rates.
Grasslands
For grasslands/pastures, Schroeder et al. (2005) hr. This value is slightly lower, but of similar magnitude as the fluxes reported for agricultural cropland. We would anticipate similar rates of Hg o evasion for agricultural lands and grasslands of the GLB, as both land covers are exposed to full solar radiation (i.e. limited canopy cover, which can decrease emissions). The slightly lower fluxes from the grasslands may reflect the lower level of disturbance these surfaces encounter relative to croplands.
Urban Lands
Urban areas largely consist of impervious surfaces, such as pavement, and pervious soils.
Eckley and Branfireun (2008) (Table 1 ). The measurements of Eckley and Branfireun (2008) included good spatial coverage. In contrast, Gabriel et al. (2006) characterized temporal variability (which was based on a single location). However, because the magnitude of measurements from these two studies is similar, we averaged them to obtain values for urban lands of the GLB that are both spatially and temporally representative (pavement: 0.15 and soil:
2.3 ng/m 2 -hr). We assumed that urban lands of the GLB are 40% impervious surfaces and 60% pervious land (Akbari et al. 2003) . The relatively few urban evasion studies in the GLB, as well as the spatial heterogeneity noted in Eckley and Branfireun (2008) (i.e., median values at six sample sites in one city ranging from below detection limit to 5.2 ng/m 2 -hr), suggests that additional research is needed to better characterize Hg emissions from urban environments.
Wetlands
Of the three surface-air Hg-flux studies for wetlands reviewed, two used DFCs (Poissant et al. 2004; Selvendiran et al. 2008) while the other applied MM gradients ( During flooded conditions, net volatilization was -1.3, -3.9, and -3.6 ng/m 2 -hr for spring, summer and fall, indicating deposition; during drier conditions, net volatilization was observed (3.8 ng/m 2 -hr). They also evaluated a beaver meadow, estimating an annual Hg o evasion flux of 0.52 ng/m 2 -hr. This estimate included both seasonal and diurnal measurements from a wetland in close proximity to the GLB, and as a result may be more representative of the annual evasion rate for wetlands in the GLB. Note, however, the differences observed between flooded and dry conditions at different wetlands. Seasonal changes, as well as periods of drought or elevated precipitation, could have considerable effects on Hg o evasion rates from wetlands. 
Lakes (Inland)

Great Lakes
Estimates of gaseous Hg o evasion from the surfaces of the Great Lakes have largely been developed using data collected from grab samples that were promptly analyzed for DGM. Four recent studies were reviewed, and the only one not employing grab samples simply estimated gaseous Hg evasion by difference to close a Hg o budget (i.e., Rolfhus et al. 2003) . That study estimated an annual Hg o volatilization rate of 1.0 ng/m 2 -hr from Lake Superior. The remaining studies reviewed focused on Lake Superior, Lake Ontario and Lake Michigan. well. Due to the proximity of Lake Ontario and Lake Erie, the Hg o evasion rate for Lake Ontario was used for Lake Erie. More studies on Hg evasion from the Great Lakes would be beneficial, particularly with respect to Lakes Erie and Huron, and also to estimate localized influences of large river discharges and urban centers.
Relative importance of Hg evasion for the Great Lakes Basin
To attempt to place estimates of rates of Hg o evasion in the context of the Hg dynamics across the GLB, we utilized a geographic information system (GIS) approach. We used values of Hg o evasion rates for land cover type based on our review of the literature (discussed above). We applied these rates to the distribution of land cover for the GLB from US Geological Survey (USGS) Global Land Cover Characterization (http://edc2.usgs.gov/glcc/glcc.php) ( Table 2 ). Due to the limited number of evasion studies that have been conducted for certain land cover types, we lumped land cover classes to describe forests, agricultural lands, grasslands, urban lands, inland waters including lakes, reservoirs, rivers and wetlands; and the individual Great Lakes. Litterfall Hg deposition was estimated by litter studies conducted by forest type (Risch et al. this issue b; Demers et al. 2007 ) and GIS forest cover. For the U.S., forest cover type data were available by tree species association classes from the USGS (http://rnp782.er.usgs.gov/atlas2/mld/foresti.html, e.g., maple-birch-beech, spruce-fir, oakhickory). We multiplied litter fall Hg deposition rates for forest species classes by the land area of these classes for the U.S. area of the GLB. Unfortunately a comparable GIS of tree species association classes are not available for Canada. As a result, we used the forest cover classes in the USGS Global Land Cover Characterization for Canada (discussed above for land cover classes), which include hardwood, conifer and mixed forest cover classes. We used the mean litterfall Hg deposition reported in Risch et al. (this issue b) for conifer and mixed forest classes.
Rates of Hg
We assumed in the GLB in Canada the hardwood forest class is largely comprised of maplebirch-beech forest class and used the data for that forest association class in Risch et al. (this issue b) . We summed the values of litterfall Hg deposition for forest species association classes in the U.S. and the three forest cover classes in Canada. Note that forest lands represent 36%
of the Great Lakes watershed area (Table 2) . We prorated the total litterfall Hg deposition estimated for forest lands to the entire GLB. We estimate total Hg deposition as the sum of wet Hg deposition, dry Hg deposition and litterfall Hg deposition (Driscoll et al. 2007b ).
Our analysis suggests an overall Hg o evasion for the GLB of about 7.7 Mg/yr, corresponding to an areal rate of 10.2 µg/m 2 -yr (Tables 2 and 3) . Total Hg o evasion is distributed among the various land cover types (Table 2; Figure 1 ). As the areal evasion rates reported in the literature for urban lands, agricultural lands and grasslands are greater than the other land cover types and the region as a whole, these land cover types had a disproportionate contribution to the total emissions. Evasion from agricultural lands, grasslands and urban lands is estimated to have contributed 55%, 0.4% and 1.5% to the total, respectively. Forest land contributed a relative large fraction of total Hg o evasion (25.1%) due to its large area of the GLB. Inland waters and the Great Lakes also contributed to the total Hg o evasion of the GLB (2.4 and 15.4%, respectively). It appears that areal evasion rates from inland waters (7.8 µg/m 2 -yr) are somewhat greater than the Great Lakes (4.9 µg/m 2 -yr). The lower value for the Great Lakes is in part due to lower areal rates for Lake Superior (1.9 µg/m 2 -yr).
Total direct anthropogenic Hg emissions for 2005 for the GLB were 10 200 kg/yr, which corresponds to an areal flux of 13.4 μg/m 2 -yr across the entire GLB (Table 3) (Table 3) , demonstrating the importance of emission sources adjacent to the Great Lakes watershed. Note that these proximate emission sources are highly relevant to Hg dynamics for the GLB because they are within the spatial scale for deposition of oxidized species of Hg emissions (reactive gaseous Hg and particulate Hg; Driscoll et al. 2007a agricultural, and grasslands are greater than other landcover types, and the estimate for evasion in the region as a whole. Agricultural, forest, and the Great Lakes together contribute approximately 95% of the region's total Hg evasion, due in large part to the high areal coverage of the Great Lakes and forest, and both coverage and evasion rates of agricultural land. In conjunction with mass balance elements of the GLB, our analysis indicates that the GLB is a net sink for atmospheric inputs of Hg. Tables   Table 1. Summary of terrestrial Hg fluxes measured in or near the Great Lakes Basin. Note: some studies only measured Hg fluxes during the daytime-to estimate diel fluxes from daytime measurements, a Gaussian distribution was assumed following the methods of Engle et al. (2001) and Nacht and Gustin (2004) . All estimated diel fluxes are presented in italics in the Figure   Figure 1 . Map of the Great Lakes Basin showing rates of elemental mercury evasion.
